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• Selection Rules

- Allowed = Electric Dipole : Transitions which satisfy all the above selection rules are referred to as 
allowed transitions. These transitions are strong and have a typical lifetime of  s. Allowed 
transitions are denoted without square brackets.

- Photons do not change spin, so transitions usually occur between terms with the same spin state 
( ). However, relativistic effects mix spin states, particularly for high Z atoms and ions. As a result, 
one can get (weak) spin changing transitions. These are called intercombination (semi-forbidden or 
intersystem) transitions or lines. They have a typical lifetime of  s. An intercombination transition 
is denoted with a single right bracket.

- If any one of the rules 1-4, 6-8 are violated, they are called forbidden transitions or lines. They have a 
typical lifetime of  s. A forbidden transition is denoted with two square brackets.

- Resonance line denotes the longest wavelength, dipole-allowed transition arising from the ground state of 
a particular atom or ion.

∼ 10−8

ΔS = 0

∼ 10−3

∼ 1 − 103
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e.g., C IV 1548, 1550 Å

(1) one electron jumps
(2) Δn any
(3) Δl = ± 1
(4) parity change
(5) ΔS = 0
(6) ΔL = 0, ± 1 (except L = 0 − 0)
(7) ΔJ = 0, ± 1 (except J = 0 − 0)
(8) ΔF = 0, ± 1 (except F = 0 − 0)

selection rule for configuration

intercombination line if 
only this rule is violated.

It is only rarely necessary to consider this.
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Table 5.1. Selection rules for atomic spectra. Rules 1, 2 and 3 must always 
be obeyed. For electric dipole transitions, intercombination lines violate 
rule 4 and forbidden lines violate rule 5 and/or 6. Electric quadrupole and 
magnetic dipole transitions are also described as forbidden. 

Electric dipole Electric quadrupole Magnetic dipole 

1. ilJ = 0, ± 1 ilJ = 0, ± 1, ±2 ilJ = 0, ± 1 
Not J = 0- 0 Not J = 0 - 0, ½ - ½, 0 - 1 Not J = 0- 0 

2. ilMJ = 0, ± l ilMJ = 0, ± l, ± 2 ilMJ = 0, ± l 
3. Parity changes Parity unchanged Parity unchanged 
4. ilS = 0 ilS = 0 ilS = 0 
5. One electron jumps One or no electron jumps No electron jumps 

iln any iln any iln = 0 
ill= ±1 ill= 0, ± 2 ill= 0 

6. ilL = 0, ± 1 ilL = 0, ± 1, ± 2 ilL = 0 
Not L = 0- 0 Not L = 0- 0, 0 - l 

Photons do not change spin, so transitions usually occur between terms 
with the same spin state, as expressed by the rule ll.S = 0. However, rela-
tivistic effects mix spin states, particularly for high Z atoms or ions. As a 
result of relativistic effects, one can get (weak) spin changing transitions; 
these are called intercombination lines. Intercombination lines are denoted 
by one square bracket, for example: 

cm] 2s2 1s - 2s2p 3 P 0 at 1908. 7 A. 

This transition is important because the c2+ 2s2p 3P 0 state is metastable, 
i.e. it has no allowed radiative decay so that this transition determines the 
lifetime of this state. Actually, the situation is more subtle than this. The 
3 P 0 term splits into three levels: 3 P0, 3 P1 and 3 P:2- The electric dipole 
intercombination line at 1908.7 A is actually 1S0 - 3P'j'. It has an A value 
of 114 s- 1 . 

The transition 1S0 - 3P~, which occurs at 1906. 7 A, is completely for-
bidden by dipole selection rules as ll.J = 2. It only occurs via a very weak 
magnetic quadrupole transition. The 1906.7 A line is 105 times weaker than 
the already-weak line at 1908. 7 A; it has an A value of 0.0052 s- 1 . These two 
lines can be used to give information on the electron density, as discussed 
in Sec. 7.1. Finally, the transition 1S0 - 3P0 is a J = 0-0 transition, which 
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is completely forbidden by both dipole and quadrupole selection rules. This 
transition is not observed. 

Electric dipole transitions which violate the propensity rules 5 and/ or 6 
are called forbidden transitions. These are labelled by square brackets. For 
example, 

1906.7 A [Cm] 2s2 1S0 -2s2p 3P~, 

322.57 A [Cm] 2s2 1So-2p3s 1Pr 
are both forbidden lines of c2+. The former is a magnetic transition while 
the latter is an electric dipole transition involving the movement of two 
electrons. Forbidden transitions are generally weaker than intercombination 
lines. 

It is also possible to get transitions driven by higher electric multi-
poles or magnetic moments. The only important ones of these are electric 
quadrupole and magnetic dipole transitions. The selection rules for these 
transitions are also given in Table 5.1. Even when all the rules are satisfied, 
electric quadrupole and magnetic dipole transitions are both much weaker 
than the allowed electric dipole transitions. They are thus also referred to 
as forbidden transitions. 

Typical lifetimes, that is inverse Einstein A coefficients, for allowed 
decays via each mechanism are 

Tdipole ~ 10- 8s, Tmagnetic ~ 10- 3s, Tquadrupole ~ ls. 
These timescales mean that states only decay by forbidden transitions when 
there are no decay routes via allowed transitions. 

Finally, it should be noted that even the rigorous selection rules given 
above can be modified when nuclear spin effects are taken into considera-
tion. These result in rigorous selection rules for electric dipole transitions 
based on the final angular momentum. In particular: 

l:l.F must be O or ± 1 with F = 0 +-+ 0 forbidden. 

It is only very rarely necessary to consider this. 

5.3. Observing Forbidden Lines 

States decaying only via forbidden lines live for a long time on an atomic, 
if not an astronomical, timescale. Such states are called metastable states. 

( )ΔS = 1

( , )ΔS = 1 ΔJ = 2



Forbidden Lines
• Forbidden lines are often difficult to study in the laboratory as collision-free conditions 

are needed to observe metastable states.
- In this context, it must be remembered that laboratory ultrahigh vacuums are significantly 

denser than so-called dense interstellar molecular clouds.
- Even in the best vacuum on Earth, frequent collisions knock the electrons out of 

these orbits (metastable states) before they have a chance to emit the forbidden 
lines.

- In astrophysics, low density environments are common. In these environments, the time 
between collisions is very long and an atom in an excited state has enough time to radiate 
even when it is metastable.

- Forbidden lines of nitrogen ([N II] at 654.8 and 658.4 nm), sulfur ([S II] at 671.6 and 
673.1 nm), and oxygen ([O II] at 372.7 nm, and [O III] at 495.9 and 500.7 nm) are 
commonly observed in astrophysical plasmas. These lines are important to the energy 
balance of planetary nebulae and H II regions.

- The forbidden 21-cm hydrogen line is particularly important for radio astronomy as it 
allows very cold neutral hydrogen gas to be seen.

- Since metastable states are rather common, forbidden transitions account for a significant 
percentage of the photons emitted by the ultra-low density gas in Universe.

- Forbidden lines can account for up to 90% of the total visual brightness of objects 
such as emission nebulae.
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History: Nebulium?
• In 1918, extensive studies of the emission spectra of 

nebulae found a series of lines which had not been 
observed in the laboratory.
- Particularly strong were features at 4959Å and 5007Å. For 

a long time, this pair could not be identified and these lines 
were attributed to a new element, ‘nebulium’.

- In 1927, Ira Bowen (1898-1973) discovered that the lines 
were not really due to a new chemical element but instead 
forbidden lines from doubly ionized oxygen [O III].

- He realized that in the diffuse conditions found in nebulae, 
atoms and ions could survive a long time without 
undergoing collisions. Indeed, under typical nebula 
conditions the mean time between collisions is in the 
range 10-10,000 secs. This means that there is sufficient 
time for excited, metastable states to decay via weak, 
forbidden line emissions.

- The forbidden lines could not be observed in the laboratory 
where it was not possible to produce collision-free 
conditions over this long timeframe.

- Other ‘nebulium’ lines turned out to be forbidden lines 
originating from singly ionized oxygen [O II] and nitrogen [N 
II].

4

112 Astronomical Spectroscopy {Third Edition) 

101 

4000 

=: 
= 0. 
u 

= 

n. 

5000 
>. (A) 

. :c 

s -= . ., .,-
1.D. 

. 
:i:: 

Fig. 7.1. Optical spectra of NGC 6153 from 3540 to 7400 A, obtained for a deep 
(IO-minute) exposure using the ESO 1.52 m telescope in Chile. The two spectra plotted 
are (a) obtained by uniformly scanning the long-slit across the entire nebula, and 
(b) taken with a fixed slit centred on the central star. [Reproduced from X.-W. Liu 
et al., Mon. Not. R. Astron. Soc. 312 , 585 (2000).] 

7.1. Nebulium 

In 1918, extensive studies of the emission spectra of nebulae found a series 
of lines which had not been observed in the laboratory. Particularly strong 
were features at 4959 A and 5007 A. For a long time, this pair could not be 
identified and, inspired by Lockyer's success with helium, these lines were 
attributed to a new element, 'nebulium'. 

Ten years after their original observation, Ira Bowen (1898- 1973) found 
the true explanation. Bowen realised that in the diffuse conditions found 
in nebulae, atoms and ions could survive a long time without undergoing 
collisions. Indeed , under typical nebula conditions the mean time between 
collisions is in the range 10- 10000 s. This means that there is sufficient time 
for excited, metastable states to decay via weak , forbidden line emissions. 
These lines could not be observed in the laboratory where it was not 
possible to produce collision-free conditions over this long timeframe. 

Optical spectra of NGC 6153, Liu et al. (2000, MNRAS)

forbidden transition

allowed transition

[O III], [O II], [N II], etc:
We use a pair of square 
brackets for a forbidden line.

metastable state



Notations
• Notations for Spectral Emission Lines and for Ions

- There is a considerable confusion about the difference between these two ways of 
referring to a spectrum or ion, for example, C III or C+2. These have very definite 
different physical meanings. However, in many cases, they are used interchangeably.

- C+2 is a baryon and C III is a set of photons.
- C+2 refers to carbon with two electrons removed, so that is doubly ionized, with a net 

charge of +2.
- C III is the spectrum produced by carbon with two electrons removed. The C III 

spectrum will be produced by impact excitation of C+2 or by recombination of C+3. So, 
depending on how the spectrum is formed. C III may be emitted by C+2 or C+3.

- There is no ambiguity in absorption line studies - only C+2 can produce a C III 
absorption line. This had caused many people to think that C III refers to the matter 
rather than the spectrum.

- But this notation is ambiguous in the case of emission lines.
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C+2 + e� ! C+2⇤ + e� ! C+2 + e� + h⌫
<latexit sha1_base64="tj9x4wwdhYinj1BT0IsPdSpqWSI="></latexit>

C+3 + e� ! C+2 + h⌫
<latexit sha1_base64="fWZ2p8EsP+xjFXCg2KNdz3f+UTE="></latexit>

collisional excitation:
recombination:



• Radio Recombination Lines
- Astronomers label each recombination line using the name of the element, the lower 

level number , and successive letters in the Greek alphabet to denote the level 
change .

-  for ,  for ,  for , etc.

- The recombination line produced by the transition between the  and  
levels of a hydrogen atom is called the  line.

n
Δn

α Δn = 1 β Δn = 2 γ Δn = 3
n = 92 n = 91

H91α
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[Hydrogen Atom] : Fine Structure
• The discussion on H-atom levels has assumed that all states with the same principal quantum 

number, , have the same energy.
- However, this is not correct: inclusion of relativistic (or magnetic) effects split these levels 

according to the total angular momentum quantum number . The splitting is called fine 
structure.

• For hydrogen,

• Spectroscopic notation:

- The above table shows the fine structure levels of the H atom.
- Note that the states with principal quantum number  give rise to three fine-structure levels. In 

spectroscopic notation, these levels are ,  and .

n

J

n = 2
22S1/2 22Po

1/2 22Po
3/2

7

S =
1
2

→ J = L ± 1
2

(2S+1)LJ
Note that the levels are called to be 

  singlet  if 2S+1 = 1 

  doublet if 2S+1 = 2 

  triplet    if 2S+1 = 3 

   (when L > 0)

S = 0, J = L
S = 1/2, J = L ± 1/2

S = 1, J = L − 1, L, L + 1



• Hyperfine Structure in the H atom

Coupling the nuclear spin I to the total electron angular momentum J gives the final angular 
momentum F. For hydrogen this means

Hydrogen Atom : Hyperfine Structure

F = J + I = J ± 1

2
<latexit sha1_base64="h3Vw7h6IM6UmjzpjwkSC0LAch3Q=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gUQShJLeimUBBEu6pgH9CEMplO2qEzSZiZCCUEN/6KGxeKuPUr3Pk3TtsstPXAhcM593LvPV7EqFSW9W3klpZXVtfy64WNza3tHXN3ryXDWGDSxCELRcdDkjAakKaiipFOJAjiHiNtb3Q18dsPREgaBvdqHBGXo0FAfYqR0lLPPLiGJ1VYP7ut1p2IQ8cXCCd2mpTTnlm0StYUcJHYGSmCDI2e+eX0QxxzEijMkJRd24qUmyChKGYkLTixJBHCIzQgXU0DxIl0k+kLKTzWSh/6odAVKDhVf08kiEs55p7u5EgN5bw3Ef/zurHyL92EBlGsSIBni/yYQRXCSR6wTwXBio01QVhQfSvEQ6RTUDq1gg7Bnn95kbTKJfu8VL6rFGuVLI48OARH4BTY4ALUwA1ogCbA4BE8g1fwZjwZL8a78TFrzRnZzD74A+PzB0mJlW0=</latexit>

= 21 cm

[Kwok] Physics and Chemistry of the ISM
[Bernath] Spectra of atoms and Molecules
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Hydrogen Atom : Allowed Transitions
• Selection Rules

- Transitions are governed by selection rules which determine whether they can occur.

9

Δn any
Δl = ± 1
ΔS = 0
ΔL = 0, ± 1 (not L = 0 − 0)
ΔJ = 0, ± 1 (not J = 0 − 0)

For H atom, this is always satisfied as  for all states.S = 1/2

For H  transitions:

Not all H  transitions which 
correspond to  are 
allowed.

α

α
n = 2 − 3

The transition between  
is not allowed ( ).

2s − 1s
Δl = 0

selection rule for configuration For H-atom,  and  are 
equivalent since there is 
only one electron.

l L

May 17, 2005 14:40 WSPC/SPI-B267: Astronomical Spectroscopy ch03

48 Astronomical Spectroscopy

occur. Specifically, the transitions 2s – 3p, 2p – 3s and 2p – 3d are allowed
whereas the transitions 2s – 3s, 2p – 3p and 2s – 3d are not allowed.

If fine structure effects are considered, then the selection rules can
give further constraints. Considering only the Hα transitions designated
allowed above, the selection rule on j shows that

2s 1
2

– 3p 1
2

is allowed;
– 3p 3

2
is allowed;

2p 1
2

– 3d 5
2

is not allowed;
– 3s 1

2
is allowed;

– 3d 3
2

is allowed;
2p 3

2
– 3s 1

2
is allowed;

– 3d 3
2

is allowed;
– 3d 5

2
is allowed .

3.16 Hydrogen in Nebulae
Hydrogen atom emissions in H II regions and planetary nebulae are very
similar but the latter are generally brighter, which means that more weak
line emissions can be observed. In particular, lines belonging to the Balmer
series are often seen strongly in emission. Indeed, the characteristic red
colour seen in many nebulae comes from Hα.

Balmer or other spectral series are obtained from excited atoms spon-
taneously emitting photons. Every excited state has a half-life τ , similar to
that encountered in radioactive decay, which is related to the strength of
emission. Thus excited states which decay only by weak line emission are
long-lived and those which decay via strong transitions are short-lived.
However, most excited states can emit to more than one other state.

The lifetime of excited state i is given by

τi =

(

∑
j

Ai j

)−1

, (3.27)

where Ai j is the Einstein A coefficient (see Sec. 2.2).
Lifetimes for allowed atomic transitions are short, perhaps a few times

10−9 s. Table 3.6 gives some examples for the H atom. A glaring exception
in Table 3.6 is the lifetime of the 2s level of H. This state has a lifetime of

( )ΔJ = 2



• Hydrogen: lifetime of excited states

- Lifetimes for allowed transitions are short, a few times 10-9 s.
- However, the lifetime for the (2s)  22S1/2  level is ~ 0.14 s, which is 

108 times longer than the 2p states. (The level is called to be 
metastable.)

• Two-photon continuum radiation
- In low-density environments (e.g., ISM), an electron in the 22S1/2 

level can jumps to a virtual p state, which lies between  and 
 levels. The electron then jumps from this virtual state to the 

ground state, in the process emitting two photons with total 
frequency    .

- Since this virtual p state can occur anywhere between  and 
, continuum emission longward of Ly𝛼 will result.

- Because the radiative lifetime of the 2s level is long. we need to 
consider the possibility for collisions with electrons and protons to 
depopulate 2s level before a spontaneous decay occurs. However, 
the critical density, at which deexcitation by electron and proton 
collision is equal to the radiative decay rate, is . In 
the ISM, the radiative decay is in general faster than the collisional 
depopulation process.

n = 1
n = 2

ν1 + ν2 = νLyα

n = 1
n = 2

ncrit ≈ 1880 cm−3
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Table 3.6. Lifetimes, τ , for decay by spontaneous emission for
low-lying excited states of the hydrogen atom.

Level 2s 2p 3s 3p 3d
τ/s 0.14 1.6× 10−9 1.6 × 10−7 5.4× 10−9 2.3× 10−7

1s

2s

Fig. 3.23. Decay of the metastable 2s state of hydrogen giving two continuum
photons.

∼ 0.14 s, i.e. it lives 108 times longer than the 2p state. This is because the
transition 2s → 1s is strongly forbidden. The 2s state is metastable which
means that on the atomic scale, it is long-lived.

So how does the 2s state decay? By the process of two-photon emis-
sion, which is an inefficient process and in this case has an Einstein A
coefficient of 7 s−1 which can be compared to A(2p → 1s) = 6.3× 108 s−1.
The combined energy of the photons emitted must correspond to the
energy difference E(2s) − E(1s) but the photons themselves can take any
energy within this constraint (see Fig. 3.23). The photons thus appear as
continuous emission radiation. Indeed the two-photon decay of the H 2s
state is responsible for approximately one half the continuum emission
observed from H II regions.

Problems
3.1 Give an expression for the energy levels of the hydrogen atom in terms

of the Rydberg constant RH. Assuming a value RH = 109677.58 cm−1,
derive a wavenumber for the Lyα transition of atomic hydrogen
in cm−1. Explain why the Rydberg constant, R∞ = 109737.31cm−1,
is more appropriate than RH for a heavy one-electron atom. Hence
obtain an estimate for the wavenumber of the Lyα transition of
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occur. Specifically, the transitions 2s – 3p, 2p – 3s and 2p – 3d are allowed
whereas the transitions 2s – 3s, 2p – 3p and 2s – 3d are not allowed.

If fine structure effects are considered, then the selection rules can
give further constraints. Considering only the Hα transitions designated
allowed above, the selection rule on j shows that

2s 1
2

– 3p 1
2

is allowed;
– 3p 3

2
is allowed;

2p 1
2

– 3d 5
2

is not allowed;
– 3s 1

2
is allowed;

– 3d 3
2

is allowed;
2p 3

2
– 3s 1

2
is allowed;

– 3d 3
2

is allowed;
– 3d 5

2
is allowed .

3.16 Hydrogen in Nebulae
Hydrogen atom emissions in H II regions and planetary nebulae are very
similar but the latter are generally brighter, which means that more weak
line emissions can be observed. In particular, lines belonging to the Balmer
series are often seen strongly in emission. Indeed, the characteristic red
colour seen in many nebulae comes from Hα.

Balmer or other spectral series are obtained from excited atoms spon-
taneously emitting photons. Every excited state has a half-life τ , similar to
that encountered in radioactive decay, which is related to the strength of
emission. Thus excited states which decay only by weak line emission are
long-lived and those which decay via strong transitions are short-lived.
However, most excited states can emit to more than one other state.

The lifetime of excited state i is given by

τi =

(

∑
j

Ai j

)−1

, (3.27)

where Ai j is the Einstein A coefficient (see Sec. 2.2).
Lifetimes for allowed atomic transitions are short, perhaps a few times

10−9 s. Table 3.6 gives some examples for the H atom. A glaring exception
in Table 3.6 is the lifetime of the 2s level of H. This state has a lifetime of
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occur. Specifically, the transitions 2s – 3p, 2p – 3s and 2p – 3d are allowed
whereas the transitions 2s – 3s, 2p – 3p and 2s – 3d are not allowed.

If fine structure effects are considered, then the selection rules can
give further constraints. Considering only the Hα transitions designated
allowed above, the selection rule on j shows that

2s 1
2

– 3p 1
2

is allowed;
– 3p 3

2
is allowed;

2p 1
2

– 3d 5
2
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3.16 Hydrogen in Nebulae
Hydrogen atom emissions in H II regions and planetary nebulae are very
similar but the latter are generally brighter, which means that more weak
line emissions can be observed. In particular, lines belonging to the Balmer
series are often seen strongly in emission. Indeed, the characteristic red
colour seen in many nebulae comes from Hα.

Balmer or other spectral series are obtained from excited atoms spon-
taneously emitting photons. Every excited state has a half-life τ , similar to
that encountered in radioactive decay, which is related to the strength of
emission. Thus excited states which decay only by weak line emission are
long-lived and those which decay via strong transitions are short-lived.
However, most excited states can emit to more than one other state.

The lifetime of excited state i is given by
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where Ai j is the Einstein A coefficient (see Sec. 2.2).
Lifetimes for allowed atomic transitions are short, perhaps a few times

10−9 s. Table 3.6 gives some examples for the H atom. A glaring exception
in Table 3.6 is the lifetime of the 2s level of H. This state has a lifetime of
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Table 3.6. Lifetimes, τ , for decay by spontaneous emission for
low-lying excited states of the hydrogen atom.

Level 2s 2p 3s 3p 3d
τ/s 0.14 1.6× 10−9 1.6 × 10−7 5.4× 10−9 2.3× 10−7

1s

2s

Fig. 3.23. Decay of the metastable 2s state of hydrogen giving two continuum
photons.

∼ 0.14 s, i.e. it lives 108 times longer than the 2p state. This is because the
transition 2s → 1s is strongly forbidden. The 2s state is metastable which
means that on the atomic scale, it is long-lived.

So how does the 2s state decay? By the process of two-photon emis-
sion, which is an inefficient process and in this case has an Einstein A
coefficient of 7 s−1 which can be compared to A(2p → 1s) = 6.3× 108 s−1.
The combined energy of the photons emitted must correspond to the
energy difference E(2s) − E(1s) but the photons themselves can take any
energy within this constraint (see Fig. 3.23). The photons thus appear as
continuous emission radiation. Indeed the two-photon decay of the H 2s
state is responsible for approximately one half the continuum emission
observed from H II regions.

Problems
3.1 Give an expression for the energy levels of the hydrogen atom in terms

of the Rydberg constant RH. Assuming a value RH = 109677.58 cm−1,
derive a wavenumber for the Lyα transition of atomic hydrogen
in cm−1. Explain why the Rydberg constant, R∞ = 109737.31cm−1,
is more appropriate than RH for a heavy one-electron atom. Hence
obtain an estimate for the wavenumber of the Lyα transition of
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<latexit sha1_base64="4MDQX1gykhjxs2bINVV4g3tqwRk=">AAAB+nicbVDLTgJBEJzFF+Jr0aOXicTEE9lFEj2SePGIiTwSIGR26IUJs4/M9KJk5VO8eNAYr36JN//GAfagYCWdVKq6093lxVJodJxvK7exubW9k98t7O0fHB7ZxeOmjhLFocEjGam2xzRIEUIDBUpoxwpY4EloeeObud+agNIiCu9xGkMvYMNQ+IIzNFLfLnYRHjGdCIUJk3RG475dcsrOAnSduBkpkQz1vv3VHUQ8CSBELpnWHdeJsZcyhYJLmBW6iYaY8TEbQsfQkAWge+ni9Bk9N8qA+pEyFSJdqL8nUhZoPQ080xkwHOlVby7+53US9K97qQjjBCHky0V+IilGdJ4DHQgFHOXUEMaVMLdSPmKKcTRpFUwI7urL66RZKbuX5cpdtVSrZnHkySk5IxfEJVekRm5JnTQIJw/kmbySN+vJerHerY9la87KZk7IH1ifP4JQlBs=</latexit>

(12S1/2)
<latexit sha1_base64="NzyLsOrV2jToiaWnuSg0HN9aFbk=">AAAB9XicbVDJTgJBEK3BDXFDPeqhIzHBC84MJngk8eIRoywJDKSn6YEOPUu6ezRkwn940IPEePXil3jSv7FZDgq+pJKX96pSVc+NOJPKNL+N1Mrq2vpGejOztb2zu5fdP6jJMBaEVknIQ9FwsaScBbSqmOK0EQmKfZfTuju4mvj1eyokC4M7NYyo4+NewDxGsNJSO28lbXt020msc3t01snmzII5BVom1pzkysdfpY9x8anSyX62uiGJfRoowrGUTcuMlJNgoRjhdJRpxZJGmAxwjzY1DbBPpZNMrx6hU610kRcKXYFCU/X3RIJ9KYe+qzt9rPpy0ZuI/3nNWHmXTsKCKFY0ILNFXsyRCtEkAtRlghLFh5pgIpi+FZE+FpgoHVRGh2AtvrxManbBKhbsG53GBcyQhiM4gTxYUIIyXEMFqkBAwCO8wNh4MJ6NV+Nt1poy5jOH8AfG+w9tJpTO</latexit>

(22S1/2)
<latexit sha1_base64="8WxC9iMyPZLBH/ZXJvOUHAR/QIc=">AAAB9XicbVDJTgJBEK3BDXFDPeqhIzHBC84MJngk8eIRoywJDKSn6YEOPUu6ezRkwn940IPEePXil3jSv7FZDgq+pJKX96pSVc+NOJPKNL+N1Mrq2vpGejOztb2zu5fdP6jJMBaEVknIQ9FwsaScBbSqmOK0EQmKfZfTuju4mvj1eyokC4M7NYyo4+NewDxGsNJSO28nbXt020msc3t01snmzII5BVom1pzkysdfpY9x8anSyX62uiGJfRoowrGUTcuMlJNgoRjhdJRpxZJGmAxwjzY1DbBPpZNMrx6hU610kRcKXYFCU/X3RIJ9KYe+qzt9rPpy0ZuI/3nNWHmXTsKCKFY0ILNFXsyRCtEkAtRlghLFh5pgIpi+FZE+FpgoHVRGh2AtvrxManbBKhbsG53GBcyQhiM4gTxYUIIyXEMFqkBAwCO8wNh4MJ6NV+Nt1poy5jOH8AfG+w9utpTP</latexit>

Two-photon continuum emission.
The short wavelength limit is 1216Å.
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Appendix D

Ionization Potentials (eV)
Element I→II II→III III→IV IV→V V→VI VI→VII VII→VIII
1 H 13.5984
2 He 24.5874 54.416
3 Li 5.3917 75.640 122.454
4 Be 9.3227 18.211 153.894 217.719
5 B 8.2980 25.155 37.931 259.375 340.226
6 C 11.2603 24.383 47.888 64.494 392.089 489.993
7 N 14.5341 29.601 47.449 77.474 97.890 552.072 667.046
8 O 13.6181 35.121 54.936 77.414 113.899 138.120 739.293
9 F 17.4228 34.971 62.708 87.140 114.243 147.163 185.189

10 Ne 21.5645 40.963 63.423 97.117 126.247 154.214 207.271
11 Na 5.1391 47.286 71.620 98.91 138.40 172.183 208.50
12 Mg 7.6462 15.035 80.144 109.265 141.270 186.76 225.02
13 Al 5.9858 18.829 28.448 119.992 153.825 190.477 241.76
14 Si 8.1517 16.346 33.493 45.142 166.767 205.267 246.481
15 P 10.4867 19.769 30.203 51.444 65.025 220.422 263.57
16 S 10.3600 23.338 34.790 47.222 72.594 88.053 280.948
17 Cl 12.9676 23.814 39.911 53.465 67.819 97.030 114.201
18 Ar 15.7596 27.630 40.735 59.686 75.134 91.00 124.328
19 K 4.3407 31.628 45.806 60.913 82.66 99.4 117.6
20 Ca 6.1132 11.872 50.913 67.27 84.51 108.8 127.2
21 Sc 6.5615 12.800 24.757 73.489 91.69 110.7 138.0
22 Ti 6.8281 13.576 24.492 43.267 123.7 119.533 140.846
23 V 6.7462 14.655 29.311 46.709 65.282 128.125 150.641
24 Cr 6.7665 16.486 30.959 49.160 69.456 90.635 160.175
25 Mn 7.4340 15.640 33.668 51.2 72.4 95.60 119.203
26 Fe 7.9024 16.188 30.651 54.801 75.010 99.063 124.976
27 Co 7.8810 17.084 33.50 51.27 79.5 102. 129.
28 Ni 7.6398 18.169 35.187 54.925 76.06 107.87 133.
29 Cu 7.7264 20.292 36.841 57.380 79.846 103.031 138.862
30 Zn 9.3492 17.964 39.723 59.573 82.574 133.903 133.903

Notes:
• Ionization potentials from Ralchenko et al. (2010)
• The light line separates ions with I < IHe from ions with I > IHe = 24.6 eV.
• Ions to right of the heavy line (with I > IHe II = 54.4 eV) are not abundant in

gas photoionized by O or B stars and are therefore indicative of photo-
ionization by WR stars, PN nuclei, or collisional ionization in shocked gas.

• For elemental abundances, see Table 1.4.
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• 3 electrons (Lithium-like ions)
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